Abstract. We present a model that underscores the role played by the porous snow cover in sustaining large, rapid, dilute powder avalanches over weakly cohesive snow. The model attributes massive localized material injection into the avalanche head to synergistic pressure gradients established within the porous cover by the very static pressure field that this influx induces along the pack surface. Treating massive frontal snow entrainment as a source of fluid, we show that static pressure time-histories recorded at the Vallée de la Sionne (Switzerland) conform to the classical two-dimensional Rankine half-body flow field. We calculate pore pressure within the snow cover and, from the resulting pressure gradient, find stresses on a vertical failure plane. After inferring an upper bound for snow cohesion from pressure records, we derive a sufficient condition for steady failure that sets the depth through which the cover changes from porous solid to fluidized suspension. Fluidization of the top surface imposes another relation among maximum density, internal friction and cohesion of the pack, maximum cloud size and minimum avalanche speed. Altogether, these conditions dictate which snow covers can produce powder snow avalanches. We suggest how similar "eruption currents" sustained by massive frontal entrainment may be relevant to other fluid-particle suspensions.
Introduction
Snow avalanches can be classified in two categories with dramatically different physics [Hopfinger , 1983] . In the first, snow moves as a dense flow sliding near the ground in a manner that has been modeled with dry granular theory [Hutter et al., 1993; Pirulli et al., 2007; Mangeney et al., 2010] . In the second kind, powder snow avalanches grow to form a dilute snow cloud of considerable height. These large events often arise once the first kind reaches sufficient velocity, and they travel well ahead of remnants of the dense flow that gave rise to it.
Because powder clouds contain snow particles of small Stokes number, i.e. having small particle inertial relaxation time relative to characteristic times in the flow, they are usually viewed as a gravity current of a fluid of higher density than the ambient [Bozhinskiy and Sukhanov , 1998; Ancey, 2004; , exchanging mass with the surrounding air, and entraining fresh particles from the snowpack by shearing, either on the entire base [Fukushima and Parker , 1990] , or mainly at the front [Pritchard and Hogg, 2002] . However, recent measurements over nearly cohesionless snowpacks, summarized below, suggest that particle entrainment, which causes rapid growth of the powder cloud, is both more explosive and localized than previously thought. Parker [1982] suggested that massive blow-out may also occur in self-sustaining turbidity currents.
Using Frequency Modulated Continuous-Wave (FMCW) radar, Sovilla et al. [2010] observed a sharp failure front in "dry, low-density and cohesionless" snowpacks, followed by more gradual and modest surface erosion, and eventually re-deposition of the suspended powder cloud on longer time scales. Sovilla et al. [2006] called this phenomenon "frontal entrainment" or "plowing." For "low-strength snow layers sandwiched between ice/snow crusts", Sovilla et al. [2006] also noted a distinct "step entrainment" a few hundred meters behind the sharp front. Cherepanov and Esparragoza [2008] analyzed these plowing phenomena by considering fracture of the pack.
Meanwhile, McElwaine and Turnbull [2005] reported measurements of static pressure on a pylon erected in the path of avalanche clouds in the Vallée de la Sionne (Switzerland), which they analyzed with potential flow theory [Turnbull and McElwaine, 2010] . A striking feature of these measurements was a rapid pressure drop behind the front, of magnitude sometimes larger than the pressure rise at the head where the flow stagnates in the rest frame of the avalanche. Combined, these observations suggest that, for frontal entrainment of weakly cohesive snow, the chief source of material feeding the advancing powder cloud is a nearly instantaneous blow-out failure of the pack driven by steep pressure gradients sweeping the surface at the head [Gauer and Issler , 2004] .
As McElwaine [2005] suggested, field pressure measurements underscore the contrast between powder snow avalanches, which continuously absorb ample mass from below, and lock-release gravity currents, which have little, if any, such input. While shallow-water analysis can successfully capture average flow variables in the latter [Hogg, 2006] , no such theory can predict a depression on the order of what is measured in powder clouds, mainly because the depth-averaging of shallow-water theory ignores internal flow structure and only permits pressure variations of a hydrostatic nature in the depth of the flow.
As Hungr and Evans [2004] , McDougall and Hungr [2004] , Iverson [2005] and Iverson et al. [2011] showed, interstitial fluid pressure can enhance and even destabilize debris flows and landslides over an erodible porous substrate of solid particles. Because snowpacks are similarly porous structures, they are subject to Darcy's law relating air pressure gradient and internal seepage velocity. If neither are excessive, the relation is linear, and mass conservation demands that internal air pressure (a.k.a. "pore pressure") obeys the Laplace equation. The elliptic character of this equation means that the snowpack transmits pressure gradients induced by the motion of the powder cloud, even if seepage velocity is small. The steep gradients in pore pressure following the front then produce body forces that fluidize snow behind a failure surface of the porous solid. Some of the fluidized material can then find its way into the powder cloud. Because such synergistic frontal entrainment of particles is both massive and localized, we distinguish the resulting geophysical flow from other gravity currents by calling it an "eruption current." The object of this paper is to explore this hypothetical mechanism in weakly cohesive snowpacks. First, we propose a formulation for the pressure profile induced by the powder cloud on the pack surface, similar to the pressure model of McElwaine and Turnbull [2005] . Then, we calculate the resulting pressure field in the porous pack by separation of Figure 2 .
Pressure profile of avalanche 628 recorded by McElwaine and Turnbull [2005] (symbols) at 46
• 17 30.39 N, 7
• 22 37.14 E. The dotted line, labelled "doublet" is a least-squares fit to the axisymmetric pressure field around a sphere produced by superposing a uniform stream and a point doublet [Currie, 1974] (Appendix A), from which we infer parameters similar to those reported by McElwaine and Turnbull [2005] , namely u 20.5 m/s, t0 23.79 s, an axial distance b 8.7 m from stagnation point to doublet, and a lateral, cross-slope offset δ 12.9 m; the black solid line is the two-dimensional "RHB" (u 5.6 m/s, t0 23.63 s, b 2.9 m, 1.80 m).
variables in the Laplace equation. From the corresponding pressure gradient, we calculate the body force that interstitial air exerts on the pack, and incorporate it in the static balance of forces on the porous solid. We then examine under what condition the snowpack can exhibit a sustainable vertical failure surface behind which material may be fluidized and feed the powder cloud. For simplicity, we describe the pack as a granular solid with internal friction and cohesion subject to Mohr-Coulomb yield. Sustainability of the failure surface advancing with the powder cloud sets fluidization depth, and relates maximum bulk density, friction and cohesion of the pack to maximum avalanche size and minimum speed. In this view, the nature of the snowpack determines whether an avalanche can blow-out into a powder cloud, or is destined to hug the ground as a dense granular flow.
Surface pressure
Geophysical phenomena are seldom captured by simple models. However, as Turnbull and McElwaine [2010] showed, powder clouds adopt a streamlined shape with large enough Reynolds numbers ∼ 10 6 -10 8 that potential flow theory can reproduce pressure profiles measured in real avalanches. Inspired by this success and by the relatively narrow material blow-out observed by Sovilla et al. [2010] over weakly cohesive snowpacks, we assume that the cloud conforms to a two-dimensional Rankine half-body (RHB) [Rankine, 1864] .
In the rest frame of the advancing avalanche, the 2D RHB is a steady potential combining a uniform flow of speed u and a source of strength γ. The corresponding boundary conditions are unequivocal and well-suited for a powder cloud fed by material ejected from a narrow region: they include (1) upstream, the uniform flow moving at the front speed relative to the cloud, (2) the point source, and (3) far downstream, the flow exiting at uniform velocity. The combination of source and uniform flow produces a "separatrix" streamline between ambient and source fluids that resembles the typical mean shape of a powder cloud advancing as a wide front (Fig. 1) . Because ambient air is nearly at rest ahead of the cloud, it dissipates little energy and, consequently, pressure approaches its stagnation value ∼ (ρ/2)u 2 at the front on point S, where ρ is ambient air density. Thus, it is natural to make pressure and lengths relative to, respectively, (ρ/2)u 2 and the distance b = γ/(2πu) between the source O and the stagnation point S. Dimensionless quantities are denoted by an asterisk * . In this paper, we follow McElwaine and Turnbull [2005] in assuming that the velocity potential is not affected by changes in powder cloud density across the separatrix. We show elsewhere [Carroll et al., 2011] that, although a jump from ρ to the mean powder cloud density ρa swells the mean separatrix homothetically and reduces pressure gradient, the surface pressure profile remains qualitatively similar. In polar coordinates with origin at the source, the RHB has the dimensionless stream function
and separatrix satisfying ψ * = ψ * (r * → ∞, θ = 0) = 0 or
and velocities
Because the RHB has a singularity at the source, its pressure diverges to −∞ there, so it must be regularized before further calculations. To do so, we note that the static pressure p recorded on a plane parallel to the surface at a distance is finite. Because flows in the rest frame of the cloud are uniform far upstream and downstream, all streamlines share the same constant E in Bernoulli's equation,
Combining Eqs. (3)- (5), we find
where p∞ is ambient atmospheric pressure, which, in this constant-density calculation, includes the hydrostatic contribution. (Carroll et al. [2011] refined this calculation by adding effects of greater cloud density). As expected from the source singularity of the RHB, p → −∞ as → 0 at the source, and p * = 1 at the stagnation point. If > 0, pressure becomes finite at the source and is < (ρ/2)u 2 at its peak.
Ignoring temporal variations of avalanche streamlines in the rest frame of the mountain, McElwaine and Turnbull [2005] also invoked potential flow theory around the test pylon to interpret pressure signals. Upon averaging among eight sensors arrayed around the pylon, they calculated
where = 13/32, and ρ f and v rel = v + ux are local flow density and relative velocity between flow and pylon, respectively. Upon describing the cloud as a RHB, we predict that the pressure recorded by McElwaine and Turnbull [2005] is
Here, measured positive and negative peak pressures for > 0 occur at
respectively. Thus, the apparent distance between source and stagnation that is recorded by a pressure transducer at a height is
For this two-dimensional flow, the maximum pressure measured by a sensor an an elevation from the source is smaller than the stagnation pressure by a factor λ = 1+ + * 2 /(1+ ) + O( * 4 ). If a powder cloud advances as a wide, nearly 2D front, the flow should stagnate in the rest frame of the avalanche, and thus gauge pressure should closely approach the stagnation value ∼ ρu 2 /2 at the front, irrespective of model used. Nonetheless, McElwaine and Turnbull [2005] occasionally recorded pressure maxima at variance with this expression. For example, because "avalanche 628" was independently recorded as traveling at 44 m/s at the pylon (each avalanche was assigned a serial number) [Vallet et al., 2004; , gauge pressure should have read 1100 Pa, minus an instrument correction (1/2) ρu 2 ∼ 470 Pa due to the specific transducer array used at the site (Appendix A), rather than the 17 Pa recorded for this specific event. An explanation for this discrepancy may be that, because of the odd frontal structure of avalanche 628, stagnation occurred away from the pylon, as photographs seem to confirm [McElwaine and Turnbull , 2005] . In this context, although avalanches at the Vallée de la Sionne generally resemble a wide front behaving as a nearly uniform 2D flow, McElwaine and Turnbull [2005] suggested that their flows were more closely described by a 3D axisymmetric potential body modeled as a point doublet penetrating a uniform stream. In that case, the pressure discrepancy of avalanche 628 could have resulted from a lateral offset from stagnation to flow centerline in the transverse direction, which McElwaine and Turnbull [2005] estimated to be 13 m. Even with such relatively large offset, McElwaine and Turnbull [2005] still fitted a relatively low velocity of 20 m/s. Other avalanches conformed more closely to expected values for stagnation pressure. For example, avalanche 629 was observed to stagnate at 1400 Pa for a recorded front speed of 50 m/s. (With transducer correction of ∼ 600 Pa, this speed corresponds to an expected observation of 890 Pa). Both events were photographed as merely grazing the pylon, avalanche 628 barreling down to its SouthWest, and 629 to its NorthEast [McElwaine and Turnbull , 2005] . Therefore it is not surprising that neither would conform to an ideal flow.
Nonetheless, the data conclusively show that powder clouds develop shortly behind the front a negative depression of opposite and nearly equal magnitude than the positive excess of pressure at stagnation, which induces strong pressure gradients at the surface of the snowpack near the front of the avalanche. Overall, as Fig. 2 shows, the model in Eq. (8) captures temporal trends in the recorded pressure profile well enough to use Eq. (6) as a pressure boundary condition at the surface of the porous snowpack.
Pore pressure gradient
Figure 3 is a sketch of the calculation domain with definitions of geometrical variables. The snowpack is subject to Darcy's law
where K is permeability (units of length squared), w is superficial air seepage velocity, and µ is air viscosity. Mass Figure 3 . Domain of separation of variables for integrating Darcy's law within the porous snowpack. Fluidized depth is exaggerated and the left face of the integration domain is shown too close to the stagnation point S. Dimensionless distances are shown relative to b and denoted by an asterisk. Clockwise, boundaries of this semi-infinite rectangular domain within the snowpack include a vertical plane sufficiently far upstream (x * ≡ x/b = 1 + n with integer n → ∞), the free surface of the snowpack (y = 0), the vertical failure plane at which the snowpack is fluidized (x = 0), and a boundary at infinite depth (y → ∞).
conservation of interstitial air seeping through the porous snowpack is ∂ρ ∂t
In Eq. (10), we assume that seepage velocity is small enough to neglect gas inertia. We justify this assumption in Appendix B. We also take permeability to be constant, despite metamorphic stratification of the snowpack. (Goren et al. [2010] published a framework for a more sophisticated analysis involving changes in the granular fabric of the porous solid). Assuming isothermal gas compression, the relative gas density change through the pack is at most ∆ρ/ρ = ∆p/p (ρ/2)u 2 /p∞ 0.3% for conditions of Fig. 2 , so air compressibility can be ignored, ∂ρ/∂t 0. In Appendix C, we also calculate that surface pressure variations are transmitted deep within the snowpack, even if air density variations are taken into account. Therefore, Eqs. (10) and (11) reduce to the Laplace equation,
which is independent of time and elliptic, thus only requiring spatial boundary conditions on all sides of the domain where it is solved. The gradient of the pore pressure predicted by Eq. (12) causes the snowpack to fail. As we shall see in the next section, pore pressure gradients act as a body force F that can overcome gravity and cohesion in the snow cover. Because a vertical plane has no component of gravity along its normal direction, it is the surface most likely to experience cohesive failure caused by such body force. Thus, we assume that the failure surface is vertical. To generate pressure solutions in closed form, it is best to use separation of variables in a rectangular domain, sketched in Fig. 3 . However, in practice, avalanches are inclined at an angle θs, which deforms the domain bounded by the vertical failure plane and the inclined free surface of the snowpack into a parallelogram (Fig. 1) . To obtain analytical results, we ignore this and assumex⊥ŷ.
Following the simple regularization of potential singularity at the source introduced in section 2, we write that the surface of the pack is subject to the RHB pressure profile at an elevation equal to the fluidization depth h of the snowpack, to be determined. In dimensionless form,
We then impose a near-ambient uniform pressure on the vertical surface at x * = 1 + n that enforces continuity with the surface pressure profile,
and vanishes at large n. In this Eq., n is a large integer representing the location x = b(n + 1) of the far upstream boundary of the integration domain. We increase n until the pressure gradient solution at x = 0 becomes insensitive to further increases. Because snow is fluidized downstream of the vertical failure surface (i.e. for x < 0), pressure on that surface at x = 0 grows hydrostatically with depth from the value that the RHB imposes at the corner (Eq. (3) at x = 0, y = 0). Therefore, in dimensionless form, we write
in which we estimate the density of the fluidized material to be that of the well-mixed powder cloud. As we shall verify in section 7, the accuracy of this estimate is inconsequential, since the hydrostatic contribution of the second term is much smaller than the first, even if we adopted the largest possible ρa that would correspond to the lifting of the entire fluidization depth into the powder cloud. (Not all fluidized material is necessarily lifted into the powder cloud). To calculate an upper bound of cloud density, we equate the outflux of material leaving the tail of height H to the influx of snowpack material of density ρc at velocity u through a surface of inclination θs, ρch cos θsu ∼ ρaHu.
Letting θ → π in Eq. (2), we find H = πb and the upper bound ρa < ρc cos θsh/(πb).
Adopting this upper bound as a worst case for the role of hydrostatic gradients in the fluidized suspension, Eq. (15) becomes, in dimensionless form,
where
We make boundary conditions (14) and (18) homogeneous by decomposing p * into a homogeneous partp * and a residual. We then employ the method of separation of variables to solve PDE (12) on the homogeneous part, writingp
, and we apply the homogenized boundary conditions ofp * to find its eigenfunctions, with the result
where λj = jπ/(n + 1), and the series sums up top * . Coefficients are found by projecting the homogeneous part at the surfacẽ
which we provide in Appendix D. The series in Eq. (20) converges relatively slowly, requiring summation up to a maximum index 10 3 /h * , depending on machine precision. From Eq. (20), we evaluate the dimensionless pore pressure gradient after letting n → ∞,
and
(23) We now evaluate stresses in the snowpack that are induced by this pore pressure gradient.
Sustainable failure of the pack
We treat the snowpack as a cohesive Mohr-Coulomb material yielding on a vertical failure plane, where fluidization takes place. In this section, we estimate an upper bound for snowpack cohesion, and derive a sufficient condition for the failure to sustain such fluidization.
The balance of forces on air in a unit volume of the porous snowpack involves the drag force F d exerted by interstitial air on ice particles and the local pressure gradient exerted on the fraction of the volume occupied by air, −(1 − νc)∇p = F d , where νc is the snowpack solid volume fraction. Then, the total force F exerted by the air on ice particles is the sum of F d and the buoyancy-like force arising from the pore pressure gradient [Anderson and Jackson, 1967] .
Because seepage has negligible gas inertia (see Appendix B), the components of ∇p = −F are given by Eqs. (22) and (23).
Assuming that the snowpack is a static homogeneous continuum of bulk density ρc with symmetric plane stresses, balancing forces on solids along the normalx to the vertical failure surface and along the vertical directionŷ yields, respectively, ∂σx ∂x
and ∂τ ∂x + ∂σy ∂y
In these equations, σ denotes a normal stress on surfaces perpendicular to the index shown, and τ is the shear stress on surfaces of normalx orŷ. We adopt the convention that compressive normal stresses are negative, and that shear stress on a surface of normalŷ directed alongx is positive. In continuum mechanics, closing the problem of three unknowns (σx, σy and τ ) with two equations (25 and 26) is normally achieved by specifying constitutive stress-strain relations for the material and setting boundary conditions on all sides. However, for dispersed solids, the problem may be closed by writing a failure condition relating shear and normal stress at incipient fluidization, see for example [Loezos et al., 2002] . Thus, we write that the snowpack yields (or fluidizes) just inside the vertical failure surface (x 0, y 0) by following Casassa et al. [1991] in relating the shear stress τs and normal stress σs on yield planes by an internal Coulomb friction coefficient µe,
and c > 0 is cohesion. (Authors sometimes view cohesion as an intercept on the shear axis of the Mohr circle. However, because cohesion is applied along the contact normal, it represents a tensile stress belonging to the normal stress axis, where it is independent of internal friction). We identify µe with the static "dry" (i.e. velocity-independent) friction that Casassa et al. [1991] recorded as a function of temperature in the range 0.22 < µe < 0.47. By adding Eq. (27), the Mohr-Coulomb yield condition closes the problem, and lets us express any stress component in terms of a single principal stress. By subtracting cohesion from any normal stresses σ, irrespective of orientation of its surface normal,
we can exploit the relations that Louge et al. [2009] derived for stresses within a porous, cohesionless sand bed. Figure 4 illustrates the corresponding Mohr circle diagrams. Following Louge et al.
[2009], we assume that, just inside the failure surface, the pack is a Mohr-Coulomb solid yielding on slip planes with the same orientation relative to the resultant body force than the surface of a reposing heap of the same solid relative to gravity. This implies that a slip plane has a normal directed an angle α counterclockwise from the resultant body force F + ρcg if the shear stress τs on such plane is negative (Figure 4a ), and clockwise if it is positive (Figure 4b ). These two signs of τs imply two possible states of stress, having kinship with the "active" and "passive" failure of soil mechanics, e.g., [Hutter et al., 1993] . From the Mohr circle geometry of Fig. 4 , Louge et al. [2009] found for τs > < 0, respectively,
where tan α ≡ µe, and β is the angle of the resultant body force withx,
Using Eqs. (30) and (31), principal stresses can be written in terms of σ y ,
with i = 1 or 2. Because no shear or normal stresses are exerted on ice particles at the failure plane (x = 0, y 0), and because the material to the left of that surface (x > 0) is subject to a net force along the outward surface normal, material is fluidized wherever one of the two principal stresses σi just defeats cohesion, i.e. wherever σ i = 0 with i = 1 or 2. However, this alone does not guarantee that the snowpack just ahead of the vertical failure surface will not de-fluidize, thus starving the powder cloud of material fed through the source. A sufficient condition for avoiding such de-fluidization is to require that both principal stresses σ i increase toward tension along x from their vanishing stress at the failure plane, i.e.
We adopt this inequality to determine which snowpack allow powder snow avalanches to maintain a sustainable failure surface traveling along x, and which do not. Before doing so, it is instructive to discuss snow cohesion. Figure 4 . Mohr-Coulomb circle for a point just inside the vertical failure surface (x 0) at a given y. Normal stresses σx and σy on planes ⊥x and ⊥ŷ are on the abscissa; shear stress τ is on the downward ordinate. Open circles represent the plane on which the granular assembly is postulated to yield with internal friction µE = tan α. Lightly and heavily filled circles are planes of normalx andŷ, respectively. Darkened regions with σ > c are prohibited, as snow cannot withstand tension exceeding the local cohesion magnitude c. Failure of the solid pack occurs wherever σ1 or σ2 c.
Snow cohesion
For a uniform pore pressure gradient along a unit normal n, cohesion would displace failure inward from a stress-free surface ⊥n by a distance c/ ∇p ·n . (Such inward displacement explains why a moist, cohesive sand castle fails inside first). Inspecting predictions of Eqs. (22) and (23), pore pressure gradients are mostly directed along x, are steepest and nearly uniform between source and stagnation points (0 < x < b), while being negligible elsewhere, and scale as ∆p/b, where the surface pressure drop ∆p is on the order of (and somewhat larger than) the difference pmax − pmin between maximum and minimum pressures recorded by McElwaine and Turnbull [2005] higher on the pylon. Therefore, for fluidization failure to occur where pressure gradient is substantial, cohesion must roughly satisfy c < b|∂p/∂x| ∆p.
This condition agrees with the observation of Sovilla et al.
[2006] that frontal "plowing" takes place in nearly cohesionless packs, for which Sovilla et al.
[2010] estimated 110 < c < 600 Pa. Similarly, with avalanche 629, McElwaine and Turnbull [2005] recorded ∆p 2 kPa, which is smaller than 7 < c < 32 kPa typical of denser snowpacks [Voitkovsky et al., 1975; Narita, 1984; Shapiro et al., 1997] . The data of Casassa et al. [1991] and Li and Pomeroy [1997] suggest that snow cohesion could even be lower. Invoking the Johnson-Kendall-Roberts (JKR) theory for adhesive contacts [Johnson et al., 1971] , the largest attractive force between two identical spheres of diameter d and surface adhesion energy ζ is
If for simplicity we view the snow cover as spheres of diameter d arrayed on a cubic packing of solid volume fraction νc = ρc/ρice, then the mean separation of their centers is ac = d[π/(6νc)]
1/3 , their number per unit surface is (6νc/π) 2/3 /d 2 , and their bulk cohesion is the product of the latter and the force in Eq. (4), 
where ρs is the material density of particles and AN 0.0123. Neglecting gravity in this correlation, and using Eq. (37) with νc = ρc/ρice 0.3, we obtain an upper bound for ζ/d, and thus for cohesion c < 5 Pa. Although consistent with the estimate of Casassa et al. [1991] , c < 26 Pa, such cohesion is much lower than that recorded by Voitkovsky et al. [1975] , and therefore it may only be relevant to light snow entrained from the surface by aeolian transport. In fact, tall heaps of fresh snow with such low cohesion could not establish the vertical walls they do feature: it is relatively straightforward to show that a Mohr-Coulomb material of invariant cohesion would fail under its own weight on a vertical wall at a depth y f = 2c sin α/[(1 − sin α)ρcg]. With ρc = 300k/m 3 and µe = 0.5, a cohesion < 1kPa would limit vertical heaps to heights y f < 0.5m.
Instead, for fresh snow to establish tall heaps, cohesion might grow with overburden stress, much like a compressed snow ball does. Because individual grain contact area rises upon compression, we propose a model linking cohesion to the first invariant of stress,
where ω is a constant and c0 is a residual cohesion due, for example, to snow metamorphism or rapid bonding [Szabo and Schneebeli, 2007] . Equation (39) is justified by the observations of Voitkovsky et al. [1975] that, consistent with JKR theory, cohesion is proportional to the specific contact surface S k (or grain contact surface per unit volume), c ζeS k , where ζe 23 J/m 2 is an effective surface energy larger than typical metals, plastics or ceramics, but consistent with interactions in which grain contacts might fuse [Sorace et al., 2009] , thus requiring additional work beyond van der Waals adhesion to separate. Because the grain contact area for two like spheres of diameter d interpenetrating a distance δs is As = s(π/4)d 2 , where s = δs/d is particle strain [Johnson et al., 1971] , the specific surface S k = As(6νc)/(πd 3 ) of a bulk assembly of such spheres at volume fraction νc rises with bulk strain¯ ∼ s(6νc/π) 1/3 . Therefore, the linear rise of compressive stress with bulk strain that Scapozza and Bartelt [2003] recorded beyond plastic yield with 0.2 mm well-bonded rounded ice grains suggests that snow grains deform plastically with contact stress pegged at the material yield strength σY . If so, the mean compression in their experiments beyond yield would rise linearly with bulk strain asσ ∼ (3/2)(π/6) 2/3 ν 1/3 c σY¯ , which is consistent with their observations. In this case, the mean normal stress on the pack should obey (σx + σy)/2 ∼ S k acσY = S k dσY (π/6νc) 1/3 . Combining with observations of Voitkovsky et al. [1975] , we deduce Clear domains indicate where both f± > 0; shaded domains are where quantities shown are < 0. At given friction and finite inclination, tan β typically starts at the "initial state" ahead of the powder cloud, where f+ > 0 on a vertical surface, thus likely thwarting pack failure. As the cloud advances, seepage raises the pressure gradient, increasing tan β to +∞, and eventually wrapping it around to negative values. As tan β increases further along the vertical arrows, both f+ and f− eventually become > 0 as they intersect the heavy line, representing the locus of tan β at the bottom of fluidized snowpacks, y = h. 
Limits of sustainability
Adopting the generic cohesion model in Eq. (39), we now manipulate Eq. (34) to determine which avalanches are sustainable. From Eq. (29), we find
while τ is unchanged. Assuming that β varies slowly, we rewrite Eqs. (25) and (26) in terms of ∂σ i /∂x alone using Eqs. (30)- (31), (33) and (41)- (42),
with tan ξ ≡ 1 + ω. For ice grains, Kim and Keune [2007] quoted σY −10 MPa for strain rates ∼ u/b ∼ 10 s
expected of a passing avalanche, yielding ω ∼ 0.01 from Eq. (40) for fine grains of 0.2 mm, down to σY −1 MPa for creeping strain rates ∼ 10 −6 s, or ω ∼ 0.1. Therefore, in most cases, we expect ω ω f ≡ (1/ sin α) − 1, thus making the denominator below f± in Eq. (43) positive. Then, the sign of ∂σi/∂x is dictated by f± in Eq. (44) and −F ·x = ∂p/∂x in Eqs. (22) and (24).
We seek the case where both principal stresses σ 1 and σ 2 are guaranteed to grow along x, a condition that is sufficient for sustaining fluidization failure of the pack. Because F ·x < 0 at x = 0, sustainable failure is guaranteed wherever the RHS of Eq. (43) is > 0, which occurs if both f± are positive. Figure 5 maps the sign of f± for snowpacks with invariant or negligible cohesion (c0 0, ω = 0). Here, the most prominent domain of guaranteed failure is bounded by tan β = ±1/µe. If seepage were absent, gravity would be the only force exerted on the pack, and the surface alongŷ would typically experience β ∼ π/2−θs > 1/µe, such that it would not normally fail. As the avalanche passes, it induces large pore pressure gradients causing β to increase along the vertical dashed-dotted line in Fig. 5 , passing through β = +π/2 to negative tan β, and eventually reaching the sustained failure point with tan β = −1/µe. Thus, a sufficient condition for sustainable fluidization failure of any point on a vertical surface of a snowpack with invariant cohesion is
As expected, a larger internal friction requires a stronger pressure gradient body force alongx to defeat gravity. Substituting x = 0 in Eqs. (22) and (23) calculated in section 3, we find F ·x = −∂p/∂x|x=0 < 0 and F ·ŷ = −∂p/∂y|x=0 = −R[h cos θs/(πb)]ρu 2 /(2b); letting n → ∞, condition (5) at depth y * of the failure surface thus becomes
where R measures the relative magnitude of gravity and body forces created by pore pressure gradients within the pack (Eq. 19). In general, this condition is just satisfied at Figure 6 . Dimensionless fluidization depth of the snowpack determined from Eq. (47) vs. R . The vertical dashed line marks the maximum value of R from Eq. (7). The weak dependence of this curve on cos θs is not shown.
but not at greater depths, where all exponential terms in Eq. (46) are weaker. This equation in h * yields the fluidization depth due to pore pressure gradients induced by the moving powder cloud. The result is plotted in Fig. 6 .
We now turn to snowpacks with cohesion growing with normal stress according to Eq. (39). Here, we find roots of f± by expanding Eq. (44) in terms of tan(β/2), and solving for the six roots of the resulting polynomial equation using Mathematica. From this, we construct Fig. 7 , which, like that, because ω f depends on µe, ω is not constant in Fig. 7) . As long as ω < ω f , a reasoning similar to that with ω = 0 indicates that self-sustaining avalanches begin at a critical value tan β = tan βc lying at the bottom of the region with f± > 0 denoted as a heavy line in Fig. 7 . In this case, fluidization depth is found by solving an equation similar to Eq. (47),
. (48) Comparing with Eq. (47), we can define an effective friction µ eff that incorporates a cohesion increasing with normal stress through a coefficient ω < ω f ,
Such effective friction is shown in Fig. 8 for different values of ω. As expected, cohesion increases effective friction, and thus decreases fluidization depth.
Summary of Predictions
In this model, the dimensionless group
which has the structure of a Richardson number, emerges as the main independent parameter governing fluidization of the snowpack under an avalanching powder cloud. (Because h * cos θs/π 1, the last term in brackets of Eq. (47) is small, i.e. the hydrostatic gradient in Eq. (15) contributes negligibly to fluidization depth, so cos θs matters little to snowpack failure). As shown earlier, cohesion is incorporated in Eq. (50) by substituting an effective friction µ eff = tan α eff for µe, plotted in Fig. 8 . A convenient fit of the exact prediction in Fig. 6 is
where a0 1.04 and a1 0.42 with error < ±3% for 1 < R < 48.
In most cases, once condition (46) is satisfied at y = h, it is also valid throughout the vertical failure surface, ∀y < h. Effective friction µ eff = tan α eff versus µe = tan α for c0 0 and, from bottom to top, ω = 0 (dashed line, invariant cohesion c = c0), ω = ω f /4, ω f /2 and 2ω f /3, where ω f ≡ (1/ sin α) − 1. The two vertical dashed lines mark a jump to the most likely µ eff in case it is multi-valued.
However, if R is too large, for example at high friction or pack density, then the open circle labelled "top" in Fig. 5 moves downward, eventually causing condition (46) to be violated at and just below y = 0, thereby de-fluidizing the top part of the vertical failure surface. Setting y = 0 in Eq. (46) yields an expression for the maximum R in terms of h * . This expression can be simplified noting that the pressure gradient along x must be consistent between Eqs. (3) and (22), so that
Thus, replacing P cjλj in the equality (46) at y = 0 in terms of h * , solving the corresponding cubic for h * in terms of R , and substituting the result into Eq. (47) yields an equation that is solved numerically for the largest R that allows sustainable fluidization of the entire vertical face,
This condition sets upper limits on friction, cohesion or snowpack density for powder snow avalanches of given height and speed to exist. Equivalently, it limits gH/u 2 that such avalanches can produce. It is consistent with observations of Sovilla et al. [2006] , who noted that frontal entrainment occurs mainly in snows of low density and/or cohesion.
As mentioned earlier, the data of McElwaine and Turnbull 
Conclusions
In this paper, we showed how density, friction and cohesion of a snowpack might be low enough to allow the head of a synergistic powder avalanche to fluidize it. We inferred an upper bound for snowpack cohesion c < ∆p from static pressure excursions ∆p recorded at the Vallée de la Sionne by McElwaine and Turnbull [2005] . By treating flow in the rest frame of the avalanche as a two-dimensional Rankine half-body (RHB), we derived a sufficient condition for snowpacks to experience sustained blow-out failure upon passage of the powder cloud. We then calculated the resulting fluidization depth h relative to the distance b from stagnation to source points in the RHB, in terms of the dimensionless number R = (2ρcgbµe)/(ρu 2 ), conveniently expressing the exact prediction as h/b a0/R a 1 with a0 1.0 and a1 0.42. Through an effective internal friction, we found a way to modify this expression if snow cohesion satisfies c = c0 + ω|σx + σy|/2, where c0 and ω are constants, and (σx+σy)/2 is the invariant mean normal stress (< 0 for compression). We identified the physical origin of ω by relating it to independent measurements of rate-dependent compressive yield of individual particles, snowpack density, and effective surface energy for snow cohesion. We also showed that R must be 48 to permit sustainable failure all the way to the top of the fluidized failure plane. Predictions of fluidization depth and maximum mean powder cloud density are reasonable. It remains to establish how avalanche pressure and size scale with cloud density, to calculate how much of the fluidized snowpack is actually lifted into the cloud and, from this knowledge, to predict dynamics and growth of the powder cloud.
More generally, if particles of small Stokes number originate from a weakly cohesive sedimentary base, and erupt to form a traveling suspension of large Reynolds number insinuating itself beneath an ambient fluid, a synergistic "eruption current" analogous to the phenomenon described here may arise, as Iverson [2005] and Iverson et al. [2011] suggested. In that case, our approach could be used as a framework for its analysis.
Appendix A: Potential flow
Although McElwaine and Turnbull [2005] found that pressure agreed well with potential flow theory near the head of powder clouds, they occasionally recorded peak values consistent with avalanche speeds smaller than expected for events at the site [Vallet et al., 2004] . Because on the avalanche scale their measurements were essentially made at a point, the recorded pressure was sensitive to local front curvature, either due to large-scale "lobe and cleft" instabilities [Härtel et al., 2000] , or to topographical channelling. In this context, McElwaine and Turnbull [2005] suggested that the pylon was so offset from the main axis of the powder cloud that the minimum negative pressure was recorded while the sensor resided outside the avalanche. Accordingly, they assumed for simplicity that ρ f = ρ, and modelled powder clouds as three-dimensional axisymmetric bodies produced by superposing a uniform flow and a point doublet [Currie, 1974] . In dimensionless spherical polar coordinates (r * , θ) with origin at the doublet, the corresponding stream function is
with spherical separatrix ψ * = ψ * (θ = 0) = 0 of unit radius. The resulting dimensionless velocity field is 
in the radial and tangential directions, respectively. Applying Bernoulli's equation on steady streamlines attached to the rest frame of the avalanche, the measured pressure, suitably corrected for sensor averaging from Eq. (7) 
In this three-dimensional flow, the offset δ represents the lateral distance from flow axis to pressure sensor, such that r 2 = x 2 +δ 2 . If δ = 0, the maximum pressure measured is, to a relative error < 8%, smaller than the stagnation pressure by a factor λ 1+ +5δ * 2 +O(δ * 4 ). McElwaine and Turnbull [2005] minimized the least-squares error between their measured pressure time-histories and the model in Eq. (A4) by fitting four parameters, namely the avalanche speed u, the offset δ, the distance between stagnation and doublet b, and the time t0 at which the point doublet passed abeam of the sensors, x = −u(t − t0). (A5) As Fig. 2 illustrates with avalanche 628, the potential model of McElwaine and Turnbull [2005] leads to qualitatively similar parametric fits of front speed, size, timing and sensor position than the RHB. Because it ignores lateral offset, the RHB predicts an avalanche speed lower than the point doublet for this specific event. However, it is more suitable for avalanches traveling as a wide, nearly twodimensional front, in which lateral offset is irrelevant. The RHB also permits us to evaluate pressure gradients within the porous snowpack in closed form, from which to calculate forces within the pack.
If seepage turned inertial, the differential equation governing pore pressure would no longer be linear, thus making a numerical solution necessary. By virtue of the odd shapes of its particles, snow possesses a permeability that is much lower than that of a packed bed of spheres of the same size [Jordan et al., 1999] or, equivalently ϕ < 1. In this case, it is convenient to estimate the effective snow particle diameter ϕd from direct measurements of the permeability corrected for possible inertial effects [Jordan et al., 1999; Arakawa et al., 2009] , ϕd = √ 150K (ρc/ρice) (1 − ρc/ρice) 3/2 .
Then, we calculate an upper bound for the Reynolds number within the pack based on the largest superficial velocity Figure 9 . Largest Reynolds number Re = ρ w maxϕd/νcµ within porous snowpacks, based on ϕd from Eq. (B3) and w max from Eq. (B4), using permeability data in Arakawa et al. [2009] (plus signs: "new snow"; crosses: "lightly compacted snow"; filled circles: "compacted snow"; squares: "faceted particles"; circles: "granular snow"), and taking b 8.7 m, u 20.5 m/s, h 2 m and µe = 0.4 from avalanche 628 of McElwaine and Turnbull [2005] . The horizontal line marks the transition Reynolds number between viscous and inertial seepage. The vertical line shows maximum snowpack density from Eq. (7).
